The hydrophobicity of 26 species of bacteria representative of the main genera isolated from a rubber short milk tube, which is a constituent of a cluster from a milking machine, was determined. The materials forming the cluster namely rubber, stainless steel (SS) 316, stainless steel (SS) 304, glass and polymethylmethacrylate (PMMA) were also assayed in terms of hydrophobicity. In relation with the hydrophobicity of bacteria, all the strains of Lactobacillus lactis lactis as well as of Enterococcus faecalis are hydrophobic. Concerning Pseudomonas aeruginosa and Staphylococcus sciuri, some are hydrophobic and others are hydrophilic. All the materials are hydrophobic, being rubber, SS 316 and SS 304 the most hydrophobic surfaces while glass is the less hydrophobic.
Introduction
Automatic milking systems are currently used in the dairy industry. In these systems, the cluster, which attaches to the udder, consists of four teatcup assemblies (each having a shell, a rubber liner and a short milk and short pulse tube), a claw, a long milk tube and long pulse tube. All these constituents are made of rubber, stainless steel or plastic, which are common materials in the food industry. As all inert surfaces, these materials are potential sites for biofilm formation, even when hygiene and sanitation programmes are correctly applied. Once established, the biofilm can act as a source of milk contamination due to the release of micro-organisms from the surface to the bulk fluid. It has been recognized that a greater understanding of the interactions between the bacteria and the surfaces may play a significant role to control this problem.
The adhesion of bacteria to the surface is one of the prime steps in the biofilm formation process. This step is particularly affected by the physico-chemical characteristics of the micro-organisms and the materials surface involved. Several studies have demonstrated the importance of surface hydrophobicity in the adhesion process (van Loosdrecht et al., 1987; Husmark and R . onner, 1992; Millsap et al., 1996; Teixeira and Oliveira, 1999; Pereira et al., 2000) . This property represents the wettability of a surface and, in aqueous medium, adhesion is favoured between hydrophobic surfaces, which can enter in closer contact by squeezing the water layer between them. According to Doyle (2000) , bacteria and other microorganisms, including viral particles, have many different ways to use the hydrophobic effect in order to adhere to substrata. In fact, there are compelling reasons to believe that the hydrophobic effect may be the primary driving force for the adhesion of most pathogens ( Duncan-Hewitt, 1990 ). Sinde and Carballo (2000) demonstrated the effect of hydrophobicity in the adhesion of Salmonella spp. and Listeria monocytogenes to stainless steel, rubber and polytetrafluor-ethylene, which are typical materials in the food industry. They found that Salmonellas strains are hydrophobic as well as Listeria monocytogenes and that bacteria attached in higher numbers to the more hydrophobic materials. Flint et al. (1997) examined the properties of the cell surface of 12 strains of streptococci, namely the hydrophobicity, and correlated those properties with the ability of the cell to attach to stainless steel surfaces. They observed that, in this case, there was no obvious relationship between hydrophobicity and attachment to stainless steel.
The purpose of the present work was to evaluate the potentiality of adhesion on some of the typical materials used in the milking machines by bacteria isolated at those environments.
Materials and methods

Micro-organisms
The micro-organisms used throughout this work were isolated from the cluster (rubber short milk tube-tube that connects the teatcup assemblies to the claw) of a milking machine in the north of Portugal, after the cleaning procedures. The internal surface was scraped with a sterile cotton-tipped swab and the recovered microbial cells were seeded on PCA agar plates and incubated during 24 h or 48 h at 30 C. After that, colonies were picked randomly from the agar plates and the isolates were initially seeded on selective media, characterized according to Gram staining and oxidase and catalase activities. Phenotypic characterization of the isolates was carried out with API 20 NE strips (Biomerioux Vitek Inc., Hazelwood, Missouri) according to the manufacturer's instructions.
For contact angle determinations cells were incubated overnight at 30 C and were harvested by centrifugation (5 min at 5000 rpm), washed twice in phosphate buffer saline (PBS), twice in deionized water and resuspended in deionized water to a concentration of 1 Â 10 a cell/ml.
Materials
The materials assayed were rubber of a short milk tube of the cluster, stainless steel (SS) 316 2R (Ra=1.15 mm), stainless steel (SS) 304 2R (Ra=1.17 mm), glass and polymethylmethacrylate (PMMA). All these materials are typically used in milking installations. The surface characterization of each type of material was performed by measuring contact angle on slides of 3.0 Â 2 cm. Prior to the tests, the slides were carefully washed in detergent, ethanol and serial sterile water baths.
Hydrophobicity and free energy of adhesion
Hydrophobicity was evaluated through contact angle measurements and using the approach of van Oss and co-workers (van Oss et al., 1987 co-workers (van Oss et al., , 1988 co-workers (van Oss et al., , 1989 . In this approach, the degree of hydrophobicity of a given material (1) is expressed as the free energy of interaction between two entities of that material when immersed in water (w) DG 1w1 : If the interaction between the two entities is stronger than the interaction of each entity with water DG 1w1 o0 the material is considered hydrophobic. Conversely, if DG 1w1 > 0 the material is hydrophilic. DG 1w1 can be calculated through the surface tension components of the interacting entities, according to:
where g LW accounts for the Lifshitz-van der Waals component of the surface free energy and g þ and g are the electron acceptor and electron donor parameters, respectively, of the Lewis acid-base component ðg AB Þ;
The surface tension components of a solid material are obtained by measuring the contact angles of three pure liquids (one apolar and two polar), with wellknown surface tension components, followed by the simultaneous resolution of three equations of the form
where y is the contact angle and g TOT ¼ g LW þ g AB : When studying the interaction between substances 1 and 2 that are immersed or dissolved in water (w), the total interaction energy, DG TOT 1w2 ; can be expressed as DG
In this case, 1 represents the support material and 2 the bacteria. Thermodynamically, if DG TOT 1w2 o0 adhesion is favourable. On the contrary, adhesion is not expected to occur if DG TOT 1w2 > 0:
Contact angle measurement
Contact angle measurements (at least 25 determinations for each liquid and for each material and micro-organisms) were performed automatically with the aid of an image analysis system (G2/G40) installed in a standard contact angle apparatus (Kruss-GmbH). The images were transmitted by a video camera to a 486 DX4 100 MHz personal computer for evaluation. All the measurements were performed at room temperature. In the case of bacterial cells the measurements were performed on bacterial layers deposited on membrane filters, according to a method described by Busscher et al. (1984) . The probe liquids used were ultra-pure water, di-iodomethane and glycerol, both of analytical grade. Their surface tension components were taken from literature (Janczuk et al., 1993) .
Results and discussion
The rubber short milking tube is one of the points more prone for biofilm formation in the milking machine. In the present case, even after the washing procedure under the strict standards followed by the dairy industry, it was possible to obtain a total of 37 isolates of bacteria from this tube. Among those bacteria, a total of 26 species representative of the main genera were selected for this study. These were 10 Pseudomonas aeruginosa (numbered as 1,4,6,7,10,14,63, 64,80,86), three Lactobacillus lactis lactis (numbered as 8,62,73), nine Staphylococcus sciuri (numbered as 45, 50, 54, 55, 56, 60, 78, 79, 82) and three Enterococcus faecalis (numbered as 70,76,77).
According to Vogler (1998) , hydrophobic surfaces exhibit a water contact angle values higher than 65 , whereas hydrophilic ones exhibit water contact angle values lower than 65 . However, with this approach it is only possible to assess hydrophobicity qualitatively (Oliveira et al., 2001) . Using the approach of van Oss (1997), it is possible to determine the absolute degree of hydrophobicity of any substance (1) vis-" a-vis water (w), which can be precisely expressed in applicable S.I. units. Taking into account the values of the contact angles, it can be seen that only the strains of Enteroccous and Lactobacillus have similar values, principally for water. The other species studied cannot be classified as hydrophobic or hydrophilic. This fact is corroborated by the results presented by van der Mei et al. (1998) , when studying 142 isolates of various species based on contact angle measurements. These authors verified that water and formamide contact angles vary widely and are the main discriminators between strains and species. On the other hand, apolar liquid contact angles vary less than water and formamide. The same happens with the results of the present work. Concerning the hydrophobicity of the bacterial population, a large variation can be observed between genera of bacteria and strains of the same species (Table 1) . Pseudomonas aeruginosa 1 is slightly hydrophilic, the strains 6 and 86 are more hydrophilic and the strain 63 is the most of all (DG 1w1 ¼ 84:7 mJ=m 2 ). Conversely, the strains Pseudomonas 4, 7, 10, 14, 64 and 80 are hydrophobic, being the Pseudomonas aeruginosa 4 the most hydrophobic (with DG 1w1 ¼ À60:7 mJ=m 2 ). All the strains of Lactobacillus lactis lactis and Enterococcus faecalis are hydrophobic. On the contrary, the strains of Staphylococcus sciuri are either slightly hydrophilic or slightly hydrophobic. These results are not surprising since, for example, Flint et al. (1997) when determining the hydrophobicity of 12 strains of streptococci observed that each individual thermophilic streptococci used had different degrees of hydrophobicity. These results emphasizes that generalizations concerning the hydrophobic properties of the bacterial cells shall not be made.
The values of DG 1w1 (Table 2) show that all the materials are hydrophobic, being SS 316, rubber and SS 304 the most hydrophobic surfaces. Considering the values of the contact angle of water, rubber was the most hydrophobic material (y W > 65 ) which is in accordance with several authors (Sinde and Carballo, 2000; Bruinsma et al., 2001) . Flint et al. (2000) found a similar value for the contact angle of water in SS 304 ( [85] [86] ) and a smaller value to glass (17-29 ). The values found in literature for PMMA-75 and Table 1 Contact angle (in degrees) and free energy of interaction between the Micro-organisms isolated from the rubber short milk tube (1) immersed in water (w), DG 1w1 and its components, in mJ/m 2 Micro-organism
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- (Gottenbos et al., 2000; Bruinsma et al., 2001 ) are slightly higher than the value obtained in this work. Sinde and Carballo (2000) refer that SS 316 is more hydrophilic than SS 304, which is contrary to the results obtained in this work. Nevertheless, the hydrophobic character of stainless steel surfaces is very much dependent on their finishing.
It is well known that, in aqueous media, adhesion is favourable between hydrophobic surfaces, which can enter into close contact by squeezing the water layer between them. However, it should be stressed that adhesion between one hydrophobic and one hydrophilic surface or between two hydrophilic surfaces can occur (van Oss, 1997) . Considering the hydrophobicity of the surfaces, the adhesion of Lactobacillus lactis lactis and all of strains of Enterococcus faecalis at SS 316, rubber and SS 304 is expected.
As previously mentioned, all the micro-organisms were isolated from the short milk tube (in rubber). However, there are other materials in the milking machine, being stainless steel 316, stainless steel 304, PMMA and glass the most commonly used.
In order to predict the ability of the micro-organisms to adhere to those surfaces and thus for biofilm formation, the free energy of interaction between the isolated micro-organisms and the materials, when immersed in water, was calculated (Table 3) . For most of the cases, adhesion is thermodynamically favourable to all the materials studied since the total free energy of adhesion is negative ðDG TOT 1w2 o0Þ: Only for Pseudomonas aeruginosa 6, 63 and 86 and Staphylococcus sciuri 60, the adhesion process is not thermodynamically favourable to any of the materials studied ðDG TOT 1w2 > 0Þ: The total free energy of adhesion between the bacteria and the materials, when immersed in water, is very similar for SS 316 and for SS 304 as well as for rubber where adhesion is more prone to occur, since the total free energy of adhesion is negative. However, adhesion is less favourable to glass and to PMMA, being glass the material which is expected to promote less adhesion (values of DG TOT 1w2 less negative). It should be expected in a less extent to PMMA and to glass. It must be noted that albeit, in some cases, adhesion to rubber is not expected, adhesion did occur. This means that other factors may be involved in the adhesion process: micro-organisms can produce exopolymers and specific cellular structures (adhesins) that can contribute to the adhesins event. 
